Quantitative Microbiological Risk Assessment (QMRA) is increasingly being used to complement traditional verification of drinking water safety through the absence of indicator bacteria.
INTRODUCTION
Most water supplies monitor their drinking water for the occurrence (absence) of indicator organisms in a relatively small volume of water (,500 mL), but absence in this volume only may not guarantee safe drinking water.
Additional approaches to safeguard drinking water quality, such as the Surface Water Treatment Rule (USEPA 2006) and Water Safety Plans (WHO 2004) , have therefore been introduced. Quantitative Microbiological Risk Assessment (QMRA) (Haas et al. 1999 ) is a method that can be used to estimate the health risk associated with drinking water consumption. The risk of infection is calculated from the exposure to pathogens (the chance of ingesting one or more pathogens) and the dose-response relation (the chance of infection from the number of pathogens ingested). In most situations it is not feasible to monitor directly for the presence of pathogens since they are present in extremely low numbers. However, the UK statutory monitoring for
Cryptosporidium has resulted in a large quantity of data from the monitoring of large volumes of drinking water. The and their reduction through treatment is estimated so the concentration in drinking water can be calculated (Regli et al. 1991 ). An essential step in such a risk assessment is determining the reduction of pathogens by drinking water treatment (Teunis et al. 1997; Gibson et al. 1999) .
Generally, reduction has to be estimated from indirect Changes in conditions that are outside the limits normally experienced at a treatment works are often referred to as extreme events. The most common extreme event that is considered is heavy rainfall (storms) in the catchment of the treatment works. Abnormally high rainfall can wash pathogens from agricultural land used for grazing into the river (the source water). If there has been little or no rainfall previously, the increased numbers of pathogens scoured from the land is not offset by the increased dilution and, at least initially, the numbers of pathogens in the source water will increase. The flow rate of the river also increases, causing high turbidity and carrying pathogens more quickly to the abstraction point of the water treatment works. The concern is whether the treatment works can handle this increased microbial challenge or if the quality of the treated water will deteriorate in relation to the increased loading in the source water and how this can be modelled in QMRA.
The goal of this study was to test whether elaborate endproduct testing can provide valuable information for quantitative risk assessment. On the one hand, risk of infection was estimated directly from the treated water monitoring. On the other hand, Cryptosporidium reduction by treatment was assessed by comparing Cryptosporidium in the source and treated water. Finally the impact of peak events in the source water on treated water quality was studied.
METHODS
For this study, the results of statutory Cryptosporidium was obtained. These samples were taken at irregular intervals, typically between one week and one month. The treatment schemes at these sites are presented in Table 1 .
All sites apply coagulation, sedimentation, filtration, GAC filtration and chlorination. At sites A and E ozonation is also used and at site B there is also dissolved air flotation.
To study the effect of source water peaks one UK water company (not described in Table 1) Since there is insufficient data to quantify these effects, it was assumed that the net effect on the assessment was negligible.
Oocyst concentrations were plotted in a Complemen- represented by the non-detects, three approaches were used to extrapolate the measured oocyst concentrations to below these concentrations were set to 0, assuming that no oocysts were present in the drinking water produced on that day.
For the maximum estimate, these samples were set to the detection limit (1 oocyst per 1000 L). For the best estimate the concentration in the non-detect samples was extrapolated linearly on a log-log scale (log -linear) as 
where 
The Monte Carlo simulation was performed by 100 000 independent draws from monitored Cryptosporidium concentrations and the applicable type of extrapolation.
RESULTS AND DISCUSSION

Overview of monitoring results
The treated water results from 216 sites, including sites A -H, were collected. Table 2 provides an overview of these results. 
QMRA based on treated water monitoring
The risk from the combined monitoring results of all sites was assessed under the assumption that each site produces the same amount of drinking water. The mean P inf_d in Table 5 is the average risk of infection determined by Monte Carlo simulation. The point P inf_d is the point estimate of average risk based on mean Cryptosporidium show a typical distribution where over 10% of the samples is positive samples, respectively. Finally at site 26 only one oocysts was found in one sample, so it could not be extrapolated.
The risk of infection was estimated with Monte Carlo analysis using the three different approaches to deal with non-detect samples. Figure 5 shows the resulting frequency of concentrations for the log-linear extrapolation.
The assessed daily risks for these sites are presented in Cryptosporidium removal Table 7 and Figure 7 provide an overview of the overall
Cryptosporidium removal at sites A-H. The average treated water concentration is very similar for most sites, so the observed log removal is dominated by the source water concentration. Due to the small number of oocysts found in treated water, the assessed log reduction is slightly less than the demonstrable log reduction for most sites.
Since the physical treatment processes at sites A, C, D, E, 1. The treatment design and operation is tailored to the water treated to comply with the drinking water standard. 
Design and operation
Sedimentation is generally optimised for the local situation.
Regular jar tests are performed to determine optimal dosing of coagulant and coagulant aid and rapid and slow mixing energy. The removal of suspended matter or turbidity is thus optimised to reach a low turbidity after sedimentation.
Polluted source water with high turbidity requires a better and more frequent optimisation than clean source water with low turbidity. The better optimised system also provides more Cryptosporidium removal, resulting in a relationship between source pollution and Cryptosporidium removal. Dugan et al. (2001) found that optimisation of sedimentation can improve Cryptosporidium removal from less than 2 to more than 5 log. In addition, a filter receiving higher turbidity will show breakthrough of turbidity after the filter, so the filter can be backwashed in time. When turbidity is low before filtration, breakthrough may go unnoticed. Finally both sedimentation and filtration perform optimally within a range of suspended solids concentrations. Insufficient material can be present to form Thus the number of Cryptosporidium after a filter could be more related to the loading of the filter than to the actual source water concentration. In the UK a system referred to as "slow start up" is being used by water companies to bring a filter back on line after backwashing. This procedure has been shown to reduce the risk of residual oocysts in the filter being washed into the filtrate as the filter compacts after backwashing (WHO 2004) . Still, some form of attachment and release might occur at a low level.
Peaks in source water
The data for sites A-H were analysed to determine whether a recorded peak concentration in the source water had led to
Cryptosporidium in the treated water. The source and treated water samples were combined by date. This showed that 57 treated water samples were positive, but unfortunately source water samples on the same date were only available on 5 occasions and 4 of these were negative for Cryptosporidium. Table 4 shows that peaks of 10 -200 times the average concentration have been recorded. So, although these peaks could potentially lead to peaks in the treated water, this could not be confirmed from the UK statutory monitoring data.
The reported source water peak event in Figure 4 was studied in detail. A single oocyst was detected in the treated water on day 32. Because of the bank-side storage for 2 d the "paired" source water value was a no detect in 10 L on day 29.
However, due to mixing or preferential flow in the bank-side storage, the peak of 65 oocysts in 10 L in the river water on day 32 may have led to an increased concentration at the intake of the treatment works on the same day. The fact that none of the treated water samples on subsequent days 33 -40
was positive for Cryptosporidium implies that the single detected oocyst was not related to the peak in the source water. These findings suggest that the detection of oocysts in treated water is not always related to peaks in source waters.
Short treatment failure
The failure of equipment (e.g. a dosing pump, valve),
installations (e.g. defective filter nozzle) or erroneous operation leading to decreased treatment performance is referred to as treatment failure. The occurrence of treatment failure is related to equipment age, maintenance and operational procedures. For the studied sites the frequency at which treatment failure occurs could be similar. However, if failure of treatment occurred at the same frequency at sites with different source concentrations this would lead to higher peaks at the more polluted sites. These sites only found low concentrations of one or two oocysts per sample, just like the less polluted sites. Therefore it is not likely that the similar occurrence of Cryptosporidium in the treated water of the studied sites is a consequence of treatment failure.
Reduction related to microbial density
Some studies have observed that, at high concentrations of micro-organisms before slow sand filtration, more removal was found (Hijnen et al. 2005b (Hijnen et al. , 2006 . Removal of spores of sulfite-reducing Clostridia ranged over three log units at full scale, and in some cases the concentration after filtration exceeded the influent concentration. They concluded that the high DEC values assessed during short-term dosing experiments most likely are not predictive for full-scale conditions. They attributed this observed relation between micro-organism concentration and its removal to accumulation and release in the filter, as explained above.
Modelling treatment in QMRA
In QMRA, removal by treatment is modelled as a "removal- 
